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Free electron laser-powered pulsed electron paramagnetic resonance (EPR) experiments performed
at 240 GHz / 8.56 T on the crystalline organic radical BDPA reveal a tip-angle dependent resonant
frequency. Frequency shifts as large as 11 MHz (45 ppm) are observed during a single Rabi oscil-
lation. We attribute the frequency shifts to a “dressing” of the nutation by spin-spin interactions.
A nonlinear semi-classical model which includes a temperature- and sample-geometry-dependent
demagnetizing field reproduces experimental results. Because experiments are performed without a
cavity, radiation dampingthe most common nonlinear interaction in magnetic resonanceis negligible
in our experiments.
Understanding the magnetic properties of systems with
unpaired electron spins is at the heart of much of mod-
ern condensed matter physics. Over the past decades,
extensive efforts have focused on understanding systems
at thermal equilibrium. As a result, ordered ground
states such as the ferromagnet (FM) and antiferromag-
net (AFM) are now well understood. Much current re-
search on magnetism in thermal equilibrium focuses on
the search for more exotic, highly entangled ground states
such as quantum spin liquids in frustrated magnets [1–
8]. The behavior of large numbers of interacting spins far
from equilibrium, however, remains challenging to study
despite intense theoretical [9] and experimental investi-
gations [10].
Crystalline organic radicals—crystals composed of or-
ganic molecules that each contain an unpaired electron
spin—are promising candidates for hosting interesting
phases of strongly interacting spins driven far from equi-
librium. Spins are sufficiently close to each other that
the dominant interaction is exchange, but, because of
small spin-orbit coupling, spins are sufficiently isolated
from the lattice that a non-equilibrium spin state decays
much more slowly than the time scales associated with
spin-spin interactions.
BDPA (1,3-bisdiphenylene-2-phenylallyl), also known
as the Koelsch radical, is an organic spin-1/2 radical
that has been the subject of much study [11–15] and is
widely used as a standard sample in electron paramag-
netic resonance (EPR) [16–18] and as a polarizing agent
in dynamic nuclear polarization (DNP) enhanced nuclear
magnetic resonance (NMR) experiments [19, 20]. Crys-
tallized 1:1 complexes of BDPA with benzene (BDPA-Bz,
C39H27) are well described by a quasi-one dimensional
Heisenberg AFM linear chain model, with an exchange
integral J/kB = −4.4 K along the chain [11, 14], isosceles
type spin frustration [12], and the onset of antiferromag-
netic order at 1.695 K [11]. Well above the ordering tem-
perature, the exchange interaction remains important.
Thermal fluctuations in the exchange fields narrow the
EPR line to a value much smaller than one would expect
based on dipole-dipole interactions [21, 22].
In this Letter, we report the observation of a novel dy-
namical phenomenon we call dressed Rabi oscillations.
Rabi oscillations occur when an ensemble of spins is
placed in a static magnetic field B0 and driven by a
transverse magnetic field B1 oscillating near the Lar-
mor frequency ω0 = gµBB0/~. If the Rabi frequency
ω1 = gµBB1/~ is larger than the linewidth Γ of the mag-
netic resonance, the spin ensemble undergoes nutation
and the direction of the spin ensemble magnetization vec-
tor traces out circles on the surface of the Bloch sphere
in the rotating frame. We report on Rabi oscillation ex-
periments performed on grains of crystalline BDPA with
Γ/2pi = 4 − 6 MHz at B0 = 8.56 T, where the electron
spin Larmor frequency is 240 GHz, driven by pulses of
resonant radiation from the UCSB mm-wave free electron
laser with Rabi frequencies ω1 as large as 25 MHz. We
find that Rabi oscillations are dressed by spin-spin inter-
actions and exhibit nonlinear dynamics which we model
semi-classically with a Bloch equation modified to include
the effects of sample magnetization.
Individual BDPA-Bz grains were mounted on a silver-
coated mirror and placed at the end of a corrugated
waveguide which tapers to a diameter of 5 mm, then
loaded into the center of a tunable (0 to 12.5 T) su-
perconducting magnet. Each grain was ∼300 to ∼500
µm across, significantly smaller than the 1.25 mm wave-
length 240 GHz radiation. Linearly polarized 240 GHz
radiation generated by the UCSB mm-FEL in “long”
pulses of 1 to 3 µs were “sliced” into excitation pulses of
well-defined duration by light-activated silicon switches
[23]. The silvered mirror below the BDPA-Bz reflected
both the linearly polarized excitation pulse and the cir-
cularly polarized EPR signal to a superheterodyne re-
ceiver. A light-activated silicon isolation switch placed
before the receiver was turned on only after the exci-
tation pulse had passed. For short excitation pulses
< 40 ns, the FEL cavity dump coupler [24] was used
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2FIG. 1. a Room-temperature FID signal generated by a 2 ns
FEL pulse, highlighted in grey, applied to a BDPA-Bz grain.
Inset: the signal digitized at the intermediate frequency (IF
= 500 MHz, shown in inset). b Fourier transform of the FID
generated by a 2 ns pulse. The FT-EPR lineshape is well
described by a Lorentzian with a FWHM of 5.9 ± 0.1 MHz.
c Integrated FT-EPR intensity as a function of pulse length,
demonstrating Rabi oscillations. The magnetic field was cho-
sen so the FID generated by a 2 ns pulse is on resonance with
the FEL pulse. For pulse lengths corresponding to the two
maxima, the sample magnetization is rotated by pi/2 (*) and
by 3pi/2 (***), while at the minimum (**) the magnetization
has been rotated by pi. The minimum of the Rabi oscillation
is not at zero, indicating incomplete population inversion. d
FT-EPR absorption lineshape plotted for four pulse lengths.
The FID generated by a 2 ns pulse is on resonance with the
FEL pulse, FIDs generated by longer pulses are not. e In
red, the trajectory taken by the sample magnetization on the
Bloch sphere. In blue, the magnetization vector projected
onto the x-y plane.
to boost the excitation pulse power. When longer exci-
tation pulses were required, the cavity dump coupler was
not activated. Single-frequency operation of the FEL was
achieved through injection-locking [25]. For details of the
FEL-EPR spectrometer, see [26–28].
Figure 1a shows the response of a single BDPA-Bz
grain placed in a 8.56 T field to a 2 ns long, resonant
excitation pulse with a Rabi frequency ω1/2pi = 25 MHz.
The short, resonant pulse tips the sample magnetization
away from thermal equilibrium, which subsequently pre-
cesses at 240 GHz and emits circularly polarized mag-
netic dipole radiation proportional to the magnetization’s
projection onto the transverse plane. After a ∼75 ns de-
lay, the silicon isolation switch activates and a free in-
duction decay (FID) is acquired by the receiver, mixed
down to an intermediate frequency (IF = 500 MHz), and
digitized. The complex FID signal is then Fourier trans-
formed to extract the Fourier transform-EPR (FT-EPR)
lineshape (Figure 1b). Figure 1c shows the integrated
FT-EPR power spectrum as a function of pulse length.
As the pulse length increases, the magnetization rotates
further in the Bloch sphere, undergoing Rabi oscillations
[29]. At the first signal maximum, occurring for a 10
ns excitation pulse duration, the magnetization has ro-
tated by pi/2, while at the first minimum, occurring at
around 20 ns, the magnetization has nominally been in-
verted. However, the fact that this minimum does not
correspond to an integrated FT-EPR intensity near zero
indicates inversion is far from complete.
Analysis of the FT-EPR signal in frequency space re-
veals the frequency of the FID, as measured by the FT-
EPR signal, changes as a function of pulse length (Figure
1d). This indicates that the EPR frequency ω0, typ-
ically given by the Larmor condition ωL = γB where
γ = gµB/~, changes as a function of pulse length, a situ-
ation unexpected in conventional EPR experiments. The
driven change in EPR frequency ω0 can be attributed
to the mean field exerted on one spin by all the other
spins in the sample. The dressed Rabi oscillation phase
can be modeled in a mean-field sense by modifying the
semiclassical Bloch equations to include the demagnetiz-
ing field HM of the BDPA-Bz grain itself, by analogy to
ferromagnetic resonance (FMR) [30]. For an ellipsoid,
HM = −N ·M where M is the magnetization and N is
the demagnetization tensor [31]. Writing the total mag-
netic field B = µ0(H0 +HM +M), the Bloch equations
in the absence of an excitation pulse and neglecting re-
laxation become
d
dt
M = γM× µ0
(
H0 −N ·M
)
(1)
where H0 = B0/µ0 is the externally applied magnetic
field, γ = gµB/~ is the electron gyromagnetic ratio, and
M×M identically vanishes.
Modeling the BDPA-Bz grain as an ellipsoid, the freely
precessing magnetization M obeys the equations of mo-
tion
d
dt
Mx = µ0γ
(
H0 − (δz − δx)Mz
)
My −Mx/T2 (2a)
d
dt
My = −µ0γ
(
H0 − (δz − δx)Mz
)
Mx −My/T2 (2b)
d
dt
Mz = µ0γ(δx − δy)MxMy − (Mz −M0)/T1 (2c)
3where δx, δx, δz are the principal values of N , M0 is
the equilibrium magnetization, and T1 and T2 are the
phenomenological Bloch spin-spin and spin-lattice re-
laxation times [32]. Assuming axial symmetry so that
δx = δy = δ⊥ and δz = δ‖, the magnetization pre-
cesses at a frequency ω(Mz) which is a function of the
z-component of M,
ω(Mz) = µ0γ(H0 − θdMz) (3)
where θd = δ‖ − δ⊥. Two special cases are of particular
interest: for a very thin, flat disk, θd = 1, while for a
sphere, θd = 0 and the nonlinear term vanishes.
Equations 2 and 3 predict that the small tip-angle EPR
frequency is shifted from the Larmor condition by an
amount ∆ω = −µ0γθdMz, neglecting higher order terms
of order |M2z /H0|. The dependence of the small tip-angle
frequency on the magnetization, through the demagne-
tizing field, is analogous to the FMR condition which ap-
pears in the Kittel equations [30]. However, unlike in the
FMR case where changes in Mz due to resonant driving
fields are negligible, for a paramagnet the full magnetiza-
tion M can be rotated into the transverse plane or even
inverted by a resonant microwave pulse. From Equa-
tions 2 and 3, a near-resonance microwave excitation
pulse shifts the precession frequency by an amount pro-
portional to the change in Mz, with the maximum preces-
sion frequency shift ∆F = 2γµ0θdM0/2pi occurring after
the initial magnetization M0 is inverted. For BDPA-Bz,
the maximum frequency shift can be estimated at room
temperature in terms of the equilibrium magnetization
M0 = Meq = 270A/m [11] to be ∆F ∼ θd × 19 MHz,
which is on the order of the observed frequency shifts
and several times the observed linewidth (Figure 1).
A grain of BDPA-Bz with a geometry close to an
axially-symmetric ellipsoid (Figure 2a), which had an as-
pect ratio of roughly 7:1 for θd = 0.65, was selected for
further experiments. Figure 2b shows a nutation experi-
ment performed on this BDPA-Bz grain, with the color-
bar indicating the FT-EPR signal strength and with the
FT-EPR frequency indicated on the vertical axis. The
magnetic field was chosen so the excitation pulses are
resonant with the bare Larmor frequency, rather than
with the small tip-angle frequency. As a consequence,
the spin system initially has a precession frequency below
the excitation frequency, but moves on to resonance for
a pi/2 pulse, moves to a frequency above the excitation
frequency for a pi pulse, and then returns to resonance
for a 3pi/2 pulse. Rabi oscillations performed in this way
achieve nearly complete magnetization inversion, as evi-
denced by the minimum being almost zero in Figure 2c.
Numerical simulations of the nonlinear modified Bloch
equations with excitation pulses of varying lengths were
carried out assuming an oblate spheroid geometry with
an aspect ratio of 7:1, for an initial magnetization M0 =
270 A/m. The phenomenological Bloch relaxation times
T1 and T2 were independently measured to be 270±40 ns
FIG. 2. a Schematic representation of a BDPA-Bz crystal as
an oblate spheroid, with a ratio of major to semi-minor axes
of 7:1. b Contour plot of the FT-EPR absorption lineshape,
c integrated FID intensity, and d mean FID frequency, as
a function of pulse length as BDPA-Bz magnetization under-
goes Rabi oscillations. The FID frequency axes are referenced
to the FEL frequency. The magnetic field is chosen so that
the FID generated by a pi/2 pulse has the same frequency as
the FEL. The Rabi oscillations minimum is close to zero, indi-
cating nearly complete population inversion is achieved with
the magnetic field thus chosen.
and 120±30 ns, respectively at 8.56 T (see Supplemental
Material [33]), in good agreement with values measured
at low field [13]. Simulations of the FID frequency depen-
dence on pulse length over a full Rabi oscillation were in
excellent agreement with experimental results, as shown
in Figure 2d. The width of the simulated frequency shift
indicates a 95% confidence interval, taking into account
uncertainties in T1, T2, the Rabi frequency ω1, and the
FEL detuning (see Supplemental Material [33]).
Magnetization evolution was probed over many Rabi
cycles by varying the pulse length from 0 - 700 ns in steps
of 10 ns, using an on-resonance Rabi frequency ω1/2pi = 8
MHz (Figure 3). At least five Rabi cycles were observed.
The width of the simulation indicates a 95% confidence
interval, and is in excellent agreement with experimental
results. The decay in the observed Rabi oscillations is
primarily related to spin-lattice (T1) and spin-spin (T2)
relaxation.
The first condition for resolving a tip-angle dependent
frequency shift in the dressed Rabi oscillation phase is
that the ratio |∆ω/Γ| ≥ 1, where ∆ω = −µ0γθdM0 is
the demagnetizing field-induced frequency shift and Γ is
the EPR linewidth. For BDPA-Bz grains at 8.56 T, Γ '
4 - 6 MHz. For θd = 0.65 used in simulations described
4FIG. 3. Mean FID frequency as a function of pulse length
as BDPA-Bz crystal undergoes Rabi oscillations over many
cycles. Simulated mean FID frequencies match experimental
results over multiple oscillations.
FIG. 4. Contour plots of the FT-EPR lineshape at a 290 K,
b 229 K, and c 190 K. d The maximum frequency shift ∆F
as a function of temperature.
above, we have |∆ω/Γ| ' 1.3. The second condition
is that the ratio ω1/Γ ≥ 1 , where ω1 is the Rabi fre-
quency. For all previous EPR studies we are aware of,
the combination of a sufficiently large equilibrium mag-
netization, narrow linewidth, and large Rabi frequency
has been difficult to achieve, |∆ω/Γ|  1, and resolv-
ing magnetization-dependent frequency shifts has been
difficult or impossible.
The temperature dependence of the fractional fre-
quency shift |∆ω/ωL| in the dressed Rabi oscillation
phase can be estimated for a paramagnet consisting of
spin-1/2 electrons with density n at thermal equilibrium,
where M0 =
gµB
2 n tanh
µ0γH0
2kBT
. When the high tempera-
ture approximation kBT  µ0γ~H0 is valid,
∆ω
ωL
= µ0n
(γ~)2
4kBT
(4)
Figure 4 shows contour plots of nutation experiments per-
formed at room temperature, 229 K, and 190 K. The
temperature dependence of the maximum observed fre-
quency shift ∆F is consistent with the predicted temper-
ature dependence (Figure 4a). However, as the temper-
ature is lowered, evidence of more complicated dynam-
ics emerges in the nutation experiment: small additional
frequency components are observed in FIDs for pulse du-
rations shorter than 20 ns, as shown in Figures 4b and
4c.
Demagnetization field effects are commonly encoun-
tered in ferromagnetic resonance [30], where sample ge-
ometry plays an important role in determining the res-
onance condition at very small microwave fields and tip
angles. However, as microwave fields are increased, even
in spherical samples, spin wave instabilities destroy the
state with spatially-uniform magnetization before signif-
icant flip angles can be achieved [34]. Demagnetization
field effects are also encountered in nuclear magnetic res-
onance (NMR) in highly concentrated spin systems [35].
Nonlinear magnetization-dependent effects in NMR can
manifest in the generation of multiple spin-echos by a
pair of radio frequency pulses [36–38] or in anomalous fre-
quency correlations appearing in correlation spectroscopy
experiments [39–41]. Taking θd = 1, corresponding to a
flat disk geometry, Equation 4 predicts the 1H NMR reso-
nance measured in room-temperature water should shift
by ∼ 4 ppb, corresponding to a frequency shift of 1.6
Hz in a 9.4 T magnetic field. In 1990, Edzes reported
an anomalous 1H NMR frequency shift of ∼ 2.5 ppb
in protonated solvents, consistent with Equation 4 for
θd ∼ 0.6 [42]. Outside of this example, demagnetization
field-induced frequency shifts are not commonly observed
in NMR, which can be explained by the fact that the gy-
romagnetic ratio of electrons is 657 times larger than that
of protons, together with the γ2 dependence of Equation
4.
Another nonlinear, magnetization-dependent effect en-
countered in magnetic resonance experiments is radiation
damping [43]. Radiation damping typically manifests as
magnetization and tip-angle dependent line broadening
[44] in magnetic resonance experiments which employ res-
onators withQ 1, with high filling factors [45, 46]. The
effects of radiation damping are small in our experiments,
since we do not employ a resonator cavity and our effec-
tive filling factor η  1, but may be responsible for some
line broadening (see Supplemental Material [33]).
Direct radiative losses due to magnetic dipole radiation
may also contribute to the observed EPR linewidths, es-
pecially at low temperatures. The instantaneous power
5P radiated by magnetic dipole radiation at frequency
ω by a sample of volume V with uniform magnetiza-
tion M0 is given by P =
µ0
6pic3ω
4M20V
2 sin2 θ, where θ
is the magnetization tip-angle. Radiative losses lead to
magnetization decay with characteristic time constant
τrad = (
µ0
6pic3 γω
3M0V )
−1 (see Supplemental Material
[33]). For the grain used in experiments presented in
Figure 2, a lower limit of τrad ' 360 ns was calculated,
which is longer than T2, T
∗
2 = 1/piΓ, or T1, but which
may become important to the linewidth at low tempera-
tures.
Nonlinear spin-spin interactions like those reported in
this Letter are essential for developing the quantum-
mechanical correlations between spins necessary to gen-
erate squeezed spin states [47]. Schemes for realizing
squeezed states of electron spin ensembles have been
proposed involving phonon-induced interactions between
nitrogen-vacancy (NV) centers in diamond [48], or by
coupling a NV center ensemble to a magnetic tip at-
tached to a nanomechanical resonator [49]. Demagne-
tization field effects offer an alternative method of engi-
neering nonlinear spin-spin interactions. The nonlinear
interaction strength can be tuned by adjusting the mag-
netization magnitude through temperature changes, as
shown in Figure 2f, as well as by optimizing the sample
geometry, as illustrated by Equation 2. The long-range
magnetic interactions that dress Rabi oscillations in this
work may also be useful for coupling distant spin qubits
[50].
In this Letter, we have shown that, when both the
microwave field and the demagnetization field are larger
than the line width of a magnetic resonance, the non-
interacting spin dynamics may be visibly “dressed by
each spins interaction with the mean field generated by
all the other spins in the sample. The signatures of
dressed Rabi oscillations are free-induction decays whose
frequencies depend on tip angle, and anomalous non-
circular trajectories of the sample magnetization direc-
tion on the surface of the Bloch sphere. Because the
experiments are carried out without a resonator, the “ra-
diation damping effects that usually arise in the spin dy-
namics of concentrated spin systems are negligible. We
think of dressed Rabi oscillation as a transient dynam-
ical phase in a system of interacting spins driven far
from thermal equilibrium. Dressed Rabi oscillation can
be modeled using classical equations of motion. As the
temperature is lowered, in addition to the strength of the
“dressing increasing, the thermal fluctuations in the ex-
change fields that are responsible for narrowing the EPR
line near room temperature will be quenched, and sig-
natures of new manifestly quantum states of interacting
spins far from thermal equilibrium may emerge.
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2TEMPERATURE DEPENDENCE DATA
Electron spin nutation experiments were performed on BDPA-Bz at 290 K, 230 K, and 190 K, in order to study the
temperature dependence of the induced frequency shift. At all three temperatures, Rabi oscillations were observed
which were accompanied by a tip-angle dependent frequency shift. Free induction decays (FIDs) were generated on
a grain of BDPA-Bz and studied as a function of pulse length. Experiments were performed with a Rabi frequency
γB1/2pi = 20 MHz. Figure 1 shows the results of temperature-dependent nutation experiments, together with the
measured maximum frequency shifts.
FIG. 1. Top: Integrated FT-EPR amplitude as a function of pulse length, demonstrating Rabi oscillations at 290 K a, 230 K
b, and 190 K c. d-f : Contour plots showing the FT-EPR absorption lineshape as a function of pulse length, showing the shift
in the EPR condition. g-i: Mean FID frequency as a function of pulse length. The maximum frequency shift ∆F is recorded
for each temperature.
ON- AND OFF-RESONANCE EXPERIMENTS
Electron spin nutation experiments were performed on BDPA-Bz at 290 K while varying the offset between electron
spin resonance condition and the driving field from the FEL. Offset frequency was varied by changing the magnetic field
B0 at constant FEL frequency. Figure 2 shows the results of experiments performed with the magnetic field B0 moved
2 mT above the resonance condition or 2 mT below the resonance condition. The integrated FT-EPR intensity shows
3a dependence on the pulse length characteristic of off-resonance nutation experiments, where the spin system nutates
in the small tip-angle regime at an effective Rabi frequency Ω =
√
(γB1)2 + δ2, where δ = γ∆B0 − γµ0θdM0 is the
detuning from the Larmor condition and where the demagnetization field has been taken into account. When the field
is detuned away from the Larmor condition by ±2 mT and the magnetization remains in the small tip-angle regime,
the z-component of the magnetization changes only slightly and the magnetization never reaches the transverse plane.
Therefore, the precession frequency ω(Mz) = µ0γ(H0 − θdMz) remains unchanged during the experiment, leading to
no anomalous frequency shift. When the field B0 is set so that the FEL driving field matches the Larmor condition,
the magnetization leaves the small tip-angle regime, and a demagnetization field-induced frequency shift is observed.
Experiments were performed with an on-resonance Rabi frequency γB1/2pi = 17MHz.
FIG. 2. Integrated FT-EPR amplitude as a function of pulse length with the magnetic field B0 set 2 mT below the Larmor
condition a, at the Larmor condition b, and 2 mT above the Larmor condition c. d-f show the corresponding contour plots
of the FT-EPR amplitude as a function of pulse length. When B0 is moved away from the Larmor condition, the spin system
evolves in the small tip-angle regime and no tip-angle dependent frequency shift is observed, while when ∆B0 = 0, the spin
precession frequency shifts as the magnetization is inverted.
T1 AND T2 MEASUREMENTS
The phenomenological longitudinal relaxation time T1 was measured using a FID-detected saturation-recovery
experiment. A ∼ 1.5 µs long, 450 W pulse sliced from the long FEL pulse with an on-resonance Rabi frequency
γB1/2pi = 8 MHz was used to saturate the BDPA-Bz resonance. After an inter-pulse delay T , a 10 ns long, 5.5 kW
4pulse sliced from cavity dump region of the FEL pulse with an on-resonance Rabi frequency γB1/2pi = 25 MHz was
used to generate a FID. Four-step phase cycling was used [1]. The FT-EPR lineshape was extracted from the FID.
Figure 3 shows the integrated FT-EPR amplitude as a function of inter-pulse delay T , at 290 K. T1 was extracted by
fitting the FT-EPR amplitude y(T ) to a function of the form y(T ) = C−A× e−T/T1 , where C = y∞ is the integrated
FT-EPR absorption in the absence of an inversion pulse.
The transverse, spin-spin relaxation time T2 was estimated using an electron spin echo decay pulse sequence of the
form P1− τ −P2− τ − echo, where P1 and P2 were pulses of length 11.5 ns and 14 ns, respectively, τ was a delay of
variable length, and echo was the generated electron spin-echo. The first pulse P1 was sliced from the long, 450 W
FEL pulse, which had an on-resonance Rabi frequency γB1/2pi = 8 MHz and was therefore a small tip-angle pulse.
After a variable delay τ , the second pulse P2 was applied to refocus the magnetization. The power in the refocusing
pulse P2 was attenuated to 55 W, for an on-resonance Rabi frequency of 2.5 MHz, in order to minimize the effects of
instantaneous spectral diffusion [1–4] and the demagnetizing field shift. Four-step phase cycling was used [1]. Figure
4 shows the integrated echo signal E(2τ) as a function of twice the inter-pulse delay τ , at 290 K. T2 was extracted by
fitting the echo decay to a function of the form E(2τ) = A× e2τ/T2 + C.
FIG. 3. Integrated FT-EPR amplitude as a function of inter-pulse delay T between the saturation pulse and the read-put
pulse, the latter of which generates a FID. Dashed line shows a functional fit of the form y(T ) = C −A× e−T/T1 , from which
T1 was extracted.
FIG. 4. Integrated electron spin echo as a function of twice the delay τ between the first pulse and the refocusing pulse. The
electron spin echo decay was fit to a function of the form E(2τ) = A× e−2τ/T2 + C, from which T2 was extracted.
FREQUENCY SHIFT DATA
The mean FID precision frequency was determined by fitting a complex Lorentzian to the Fourier transform of the
FID. Figure 5 shows a contour plot of the FT-EPR absorption lineshape as a function of pulse length, accompanying
the mean frequecny data presented in Figure 3 of the manuscript.
5FIG. 5. Contour plot of the FT-EPR absorption lineshape as a function of pulse length for BDPA-Bz accompanying the mean
frequency shift data presented in Figure 3.
SIMULATION DETAILS
Numerical integration of the nonlinear Bloch equations was performed in Python. Inputs to the simulation included
the magnetization density, the sample geometry, the phenomenological spin-lattice and spin-spin relaxation times T1
and T2, the detuning between the FEL frequency and the resonance frequency of the spin system, and the on-resonance
Rabi frequency ω1.
The sample magnetization density was calculated to be 270 A/m at room temperature [5]. BDPA-Bz grains were
examined under an optical microscope, and screened for size and shape. A grain roughly 450 µm across and 65 µm
thick was chosen, whose shape conformed roughly to that of an oblate spheroid with an aspect ratio of 7:1. T1 and T2
measurements, shown in Figures 3 and 4, respectively, set constraints on the relaxation times. The detuning between
the FEL frequency and the resonance frequency of the spin system was controlled by adjusting the magnetic field B0
experienced by the spin system, for a given FEL frequency.
In the linear response regime, the on-resonance Rabi frequency can be easily measured by measuring Rabi oscil-
lations. However, when the resonance frequency shifts with tip angle, the situation is not so straightforward, and
must be found by comparing the results of a Rabi oscillation experiment to simulated magnetization trajectories. As
a starting point, the on-resonance Rabi frequency ω1 was estimated from the Bloch equations to be ω1 = pi/τ270−90,
where τ270−90 is the time between successive maxima on a plot of integrated FT-EPR amplitude vs pulse length.
Confidence intervals were generated through a Monte Carlo procedure, taking into account the uncertainties in T1,
T2, the detuning, and the estimated uncertainty in ω1.
ENERGY LOST TO MAGNETIC DIPOLE RADIATION
A time-varying magnetic dipole moment µ radiates magnetic dipole radiation with total power P , given by
P =
µ0
6pic3
|µ¨|2 (1)
The total magnetic dipole moment µ of a sample of volume V with uniform magnetization M is given by
µ = MV (2)
so that the total power radiated by the sample is given by
P =
µ0
6pic3
V 2|M¨|2 (3)
Ignoring T1 and T2 relaxation and treating the magnetization as a classical vector with fixed magnitude M0, the
solution to the Bloch equations gives the magnetization as M = M0 cos θzˆ + M0 sin θe
iωLt(xˆ + iyˆ) where ωL is the
6Larmor frequency and θ is the polar angle between the magnetization and the external magnetic field B0 = B0zˆ. In
the limit where Larmor precession is much faster the rate of change of the polar angle θ so that |ωL|  |θ˙|, |ωL|2  |θ¨|,
P =
µ0
6pic3
V 2M20ω
4
L sin
2 θ (4)
The total energy U = −µ ·B of the spin system is given by
U = −M0V B0 cos θ (5)
If the spin system loses energy only through magnetic dipole radiation, so that dU/dt = −P , Equations 4 and 5 give
θ˙ = − µ0
6pic3
VM0
B0
ω4L sin θ (6)
which has the solution
θ = 2 arctan
[
exp
(
− t− t0
τrad
)]
(7)
where
τrad =
(
µ0
6pic3
VM0
B0
ω4L
)−1
(8a)
t0 = τrad ln
[
tan
(
θ0
2
)]
(8b)
where θ0 is the initial tip-angle.
For an initial tip-angle θ = pi/2, the transverse component of M, given by M⊥ = M0 sin θeiωLt(xˆ + iyˆ), decays in
magnitude according to
|M⊥| = M0 sech
(
t
τrad
)
(9)
RADIATION DAMPING
Radiation damping [6] is a back-reaction which occurs when a spin system reacts to its own radiated field [7]. The
precessing transverse magnetization produces a reaction field Hr which is pi/2 out of phase with the magnetization,
with components [8]
Hr,x = 2piQηMy (10a)
Hr,y = −2piQηMx (10b)
Hr,z = 0 (10c)
where Q is the quality factor of the microwave circuit and η is the filling factor [6].
The effect of the reaction field Hr is to modify the Bloch equations [7], giving
d
dt
M = γM× µ0 (H0 +Hr) (11)
which gives the equations of motion
d
dt
Mx = µ0γMyH0 + 2piQηMxMz (12a)
d
dt
My = −µ0γMxH0 + 2piQηMyMz (12b)
d
dt
Mz = −2piQη
(
M2x +M
2
y
)
(12c)
Radiation damping leads to nonlinear equations of motion which are quite different from the equations which govern
the magnetization in the dressed nutation phase, in the presence of a demagnetizing field (Equation 2).
7FID PHASE
Tip-angle dependent frequency shifts in the dressed Rabi oscillation phase are accompanied by tip-angle dependent
phase shifts. There are two effects which contribute to this phase shift: magnetization dynamics during the pulse,
and the change in spin ensemble precession frequency after the pulse. The first effect can be understood qualitatively
by considering that the instantaneous effective field felt by the spin ensemble changes during the pulse, so that
the instantaneous direction about which the magnetization vector precesses also changes during the pulse. Numerical
simulations of Equation 2, such as those presented in Figures 1e and 2e in the manuscript, show how the magnetization
vector can pick up a phase shift relative to the drive pulse. The phase shift is particularly striking in Figure 1e, where
a 20 ns pulse, which begins rotating the magnetization about the y-axis, ends up with the magnetization nearly aligned
with the y-axis for a phase shift of nearly pi/2. The second effect arises due to the fact that the magnetization picks up
a phase after the microwave pulse, but before and during the detection window, which is proportional to the tip-angle
dependent precession frequency, leading to an additional frequency shift which is sensitive to the time delay between
the end of the microwave pulse and the beginning of the detection window.
To first order, the phase φ(t) acquired by the spin system in the rotating frame of the microwave pulse of frequency
ω at a time t after the start of the pulse can be estimated by
φ(t) =
∫ t
0
[ω(Mz(t
′))− ω] dt′ = (ωL − ω)t−
∫ t
0
µ0γθdMz(t
′)dt′ (13)
Accurately measuring this phase shift in FEL-EPR experiments is experimentally challenging due to the experimental
deadtime between the end of the high power FEL pulse and the beginning of data acquisition. This deadtime is limited
by FEL ring-down and by scattered light which can partially saturate the detector. After the microwave pulse but
before detection begins, the spin ensemble picks up a phase shift according to Equation 13, which is large for typical
experimental deadtimes of ∼ 70 ns. The phase acquired during the experimental deadtime therefore dominates the
phase of the measured FID.
Because we were unable to measure this phase shift, the integrated power spectrum, rather than the integrated
absorption lineshape, was used in Figures 1 and 2 of the manuscript, in order to clearly show the change in FID
amplitude with pulse length. The integrated complex FT-EPR lineshape for the data shown in Figures 1 and 2 are
presented in Figures 6 and 7, respectively.
When the FT-EPR absorption lineshape is shown, as in Figures 1b, 1d, 2b, and 4a-c, a phase shift has been applied
to the FT-EPR lineshape so that the absorption lineshape is positive.
FIG. 6. Integrated real and imaginary components of the FT-EPR lineshape as a function of pulse length, for the data shown
in Figure 1c of the manuscript.
8FIG. 7. Integrated real and imaginary components of the FT-EPR lineshape as a function of pulse length, for the data shown
in Figure 2 of the manuscript.
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